We investigated the effect of coagulant basicity on bacteriophage removal from river water by polyferric chloride (PFC). PFC at three basicities (basicity 0.9-2.1) was prepared by means of base titration (NaOH was added to ferric chloride (FeCl 3 ) solution) and the virus removal efficiencies of those PFCs were compared with that of FeCl 3 (basicity 0). The virus removal efficiencies of the PFCs were equal to or less than that of FeCl 3 at both pH 6 and pH 8. This suggests that, unlike aluminumbased coagulants, increasing the basicity of iron-based coagulants does not improve virus removal efficiency. Furthermore, the relative abundance of monomeric iron(III) species in the PFCs decreased, whereas that of precipitated iron(III) species increased with increasing basicity, as assessed with a ferron method. Colloid charge density also decreased with increasing basicity. Therefore, it is likely that the reduction in the abundance of monomeric iron(III) species led to the reduction in colloid charge density, which then reduced virus removal efficiency. Thus, the development of novel ironbased coagulants with increased virus removal efficiency may not be possible by simply increasing the basicity of the coagulant.
INTRODUCTION
Coagulation is a drinking-water treatment process that removes contaminants such as particulate and organic matter. Aluminum and iron salts are widely used coagulants that destabilize and combine contaminants into large flocs that can be easily separated from the source water by sedimentation and filtration processes. Waterborne enteric viruses that do not settle from suspension under the influence of gravity can also be removed by coagulation with aluminum-and iron-based coagulants (Abbaszadegan et al. The efficiency of virus removal by coagulation is strongly influenced by factors such as source water quality, the nature and concentrations of coagulants used, and the mixing conditions (Hijnen & Medema ) . The quality of source drinking water is being deteriorated by continued population growth and urbanization, resulting in increased contamination of drinking-water sources with wastewater, biosolids, and emerging contaminants (Shi et al. ) .
This deterioration reduces the overall efficiency of commercially available aluminum-or iron-based coagulants, and thus the efficiency of virus removal. Therefore, coagulation processes that effectively and inexpensively remove contaminants, including viruses and precursors of disinfection by-products (i.e. natural organic matter (NOM)), are urgently needed.
Prepolymerized aluminum coagulants (e.g. polyaluminum chloride (PACl)) and prepolymerized iron coagulants (e.g. polyferric chloride (PFC)) with improved coagulation efficiency have been developed. Since coagulant basicity is an important factor in determining the relative abundances of the aluminum or iron hydrolyte species produced in these coagulants, and in turn the coagulation efficiency (Lei et al. ) , the influence of the aluminum or iron hydrolysis ratio 
MATERIALS AND METHODS

Source water and coagulants
River water was sampled from the Toyohira River (Sapporo, Japan) on 4 December 2012 and subjected to water quality analyses ( Millipore Corp., Billerica, MA, USA). PFCs with basicities of 0.9, 1.5 and 2.1 (PFC-0.9, PFC-1.5, and PFC-2.1, respectively) were prepared by means of a base titration method as described previously (Lei et al. ) . Briefly, a certain amount of 0.1 M FeCl 3 solution was transferred to a glass beaker and then the solution was titrated with 0.5 M NaOH at a constant rate (4 μL/s) with a peristaltic pump until the target basicity was reached. Throughout the titration, the solution in the beaker was kept at 20 W C and stirred at 630 rpm with a magnetic stirrer. Immediately before use, the coagulants were diluted with Milli-Q water to the concentration required for each experiment.
Coagulant characterization
Ferron method
The relative proportions of the iron(III) hydrolyte species in the coagulants were determined by means of the ferron To obtain Fe t , we adjusted the pH of the diluted coagulant to approximately 0.5 with ultrapure nitric acid (Kanto Chemical Co., Tokyo, Japan), heated the mixture for 3 h at 85 W C in a muffle furnace, cooled it to room temperature, and then analyzed it by means of the ferron method as described for Fe a . which has a basicity of 0, removed more UV260-absorbing NOM than did the PFCs at pH 6.
Effect of coagulant basicity on bacteriophage removal
The effect of coagulant basicity on the removal ratio of infectious MS2 (log(C 0 /C s )) during the coagulation process was evaluated by means of a PFU method after settling at pH 6 (Figure 2(a) ). Because MS2 has a small diameter and is stably monodispersed in water from the Toyohira River, as confirmed in our previous study (Shirasaki et al. ) , no removal of infectious MS2 was observed in the absence of coagulant (data not shown). Coagulation with the PFCs did remove infectious MS2. The addition of PFC destabilizes the dispersion of MS2, resulting in their entrapment within or adsorption onto floc particles generated during coagulation that then settle from suspension under the influence of gravity. The removal ratio of infectious MS2 depended on the PFC used: whereas infectious MS2 removal was !1-log with FeCl 3 and PFC-0.9, the removal ratio decreased with increasing coagulant basicity (PFC-2.1, 0.5-log removal) (Figure 2(a) ). In addition, although the removal ratio of infectious MS2 was increased after coagulation and membrane filtration compared with after coagulation and settling alone for all of the PFCs examined, which was probably due to the removal of additional floc particles containing infectious MS2 that were not removed from the suspension by gravity during settling, the removal ratios (log(C 0 /C f )) obtained with FeCl 3 and PFC-0.9 were approximately 1-2-log larger than those obtained with PFC-1.5 and PFC-2.1.
The removal ratios for total MS2, as evaluated by means of an RT-PCR method, were also larger when FeCl 3 or PFC-0.9 was used than when PFC-1.5 or PFC-2.1 was used, not only after settling but also after membrane filtration (Figure 2(b) ). These results indicate that virus removal efficiency was reduced at higher coagulant basicities. Since this trend of increasing basicity reducing the effectiveness of the PFC was also observed for the removal of UV260-absorbing NOM (Figure 1) , it is likely that the mechanisms that destabilize the dispersion of viruses and NOM during the coagulation process, that is, the coordination reactions between coagulant species and the carboxyl groups of the virus surface proteins or NOM, are similar for the two types of contaminant (Bratby ).
Because the removal ratios of MS2 with PACl were previously reported to increase with increasing PACl basicity (0.9-2.1), particularly under weakly alkaline pH conditions (Shirasaki et al. ) , the effect of coagulant basicity on the removal of MS2 was also evaluated at pH 8 (Figure 3 ). The Figure 2 | Effect of the basicity of PFC on infectious MS2 removal as evaluated by using a plaque-forming unit method (a), and total MS2 removal as evaluated by using a real-time PCR method (b) after settling and after membrane filtration at pH 6. Coagulant dosage, 4.48 mg-Fe/L. The numbers after 'PFC' represent the basicity of the coagulant.
Figure 3 | Effect of the basicity and dosage of PFC on infectious MS2 removal as evaluated by using a plaque-forming unit method (a) and on total MS2 removal as evaluated by using a real-time PCR method (b) after settling and after membrane filtration at pH 8. The numbers after 'PFC' represent the basicity of the coagulant.
removal ratio of infectious MS2 with FeCl 3 (4.48 mg-Fe/L) at pH 8 (Figure 3(a) ) was lower compared with that at pH 6 (Figure 2(a) ). Even when the dosage of FeCl 3 was increased from 4.48 to 11.2 mg-Fe/L and membrane filtration was conducted after coagulation and settling, the removal ratio was <1-log. A similar trend was observed for the PFCs, regardless of basicity or coagulant dosage. In addition, the total MS2
removal ratios observed for all iron-based coagulants and all coagulant dosages used in the present study were <0.5-log, even after membrane filtration (Figure 3(b) ). These results indicate that coagulant basicity did not affect virus removal at pH 8. Taken However, in a previous study, we found that the colloid charge densities of PACls were increased with increasing PACl basicity (i.e. the increase of the total amount of Al b
and Al c in the PACl; basicity range, 0.9-2.1), and that a PACl with a high colloid charge density removed more 
